Thirty-nine paddy pesticides and 11 of their metabolites were monitored in the Sakura River during the rice cultivation season in 2007 and 2008. Pesticide concentrations in the river water depended on the timing of pesticide application. Herbicides that were shipped to Ibaraki Prefecture in large amounts or had high water solubility, a low soil adsorption constant value, or large usage rates were detected at high peak concentrations. The concentrations of nursery-box-applied fungicides and insecticides peaked immediately after transplanting. The concentrations of pesticide metabolites, such as bromobutide-desbromo, cafenstrol-descarbamoyl, clomeprop-propionic acid, carbofuran, and fenthion-sulfoxide depended on the degradation rates and metabolic pathways of the parent compounds and on the stability of the metabolites in water and soil. Clomeprop-propionic acid, carbofuran, and fenthion-sulfoxide, which were formed from rapidly degradable pesticides, were detected at much higher peak concentrations than the parent compounds. © Pesticide Science Society of Japan Keywords: paddy pesticide, application timing, river water, physicochemical property, metabolic pathway, environmental fate. 
Introduction
Pesticides are crucial for stable and efficient agricultural crop production; however, pesticides used on arable lands can be transported to waterways, and public concern about the adverse effects of pesticides on aquatic organisms, contamination of drinking water, and bioaccumulation in fish and shellfish is increasing; therefore, there have been many monitoring surveys of pesticides in river water. [1] [2] [3] [4] [5] [6] [7] [8] [9] In Japan, more than half of the arable land is paddy fields, and almost half of the total amount of pesticides used is applied to paddy fields. Paddy pesticides flow easily into rivers from paddy fields, which are directly connected to rivers via drainage canals. 10) Paddy pesticides are detected in river water at higher frequencies and at higher concentrations than are pesticides applied to upland fields. 11) Pesticide metabolites may also be detected in rivers because some pesticides can be easily degraded by hydrolysis, photolysis, or biodegradation in water and soil. Metabolites of some pesticides, such as organophosphorus insecticides, are more active against the target organisms than are the parent compounds; 12, 13) however, detailed monitoring studies of metabolites in rivers are limited. 11, 14) Therefore, for precise assessment of exposure to paddy pesticides in aquatic environments, both pesticides and their metabolites must be monitored.
In this study, we monitored the concentrations of 39 paddy pesticides and 11 metabolites of the herbicides and insecticides in Sakura River in a rice-producing area, and examined the key factors affecting the behavior of the pesticides and metabolites in river water.
Materials and Methods

Geography of and pesticide use in the Sakura River basin
The study area was the Sakura River basin, which is located in the southern part of Ibaraki Prefecture, Japan. The Sakura River, which is 53.4 km long and has a basin area of 335 km 2 (as calculated with a geographical information system), flows into Lake Kasumigaura (Fig. 1 ). Paddy fields are distributed along the river, and their area (95 km 2 ) corresponds to about 30% of the basin and to about 10% of all paddy fields in Ibaraki Prefecture (990 km 2 ). In the basin, 80% of the paddy Behavior of paddy pesticides and major metabolites in the Sakura River, Ibaraki, Japan field area is under rice cultivation. After soil puddling and land leveling in late April, rice seedlings are transplanted in early May. Intermittent irrigation starts in mid-June and continues throughout the growing period, except during the midsummer drainage period from late June to mid-July. Generally, heading occurs from late July to early August, and harvest starts in early September, after drainage of the paddy water in late August. 15) Early-mid-season herbicides are applied within 2 weeks after transplanting (early to mid-May), and mid-season herbicides are applied 2-3 weeks after transplanting (late May to early June). Depending on the emergence of weeds, a lateseason herbicide might be used in June. 16) Fungicides and insecticides are used on rice seedlings in nursery boxes before transplanting and for direct application to paddy fields before heading or harvest. Recently, nursery-box application has become increasing popular in the Sakura River basin. Aerial spraying of paddy pesticides was not conducted in the basin in 2007 and 2008 (Japan Agricultural Aviation Association: private communication; unpublished data).
Analyzed compounds
Twenty-nine herbicides, 2 fungicides, and 8 insecticides were selected for analysis (Table 1) , in consideration of the amounts of paddy pesticides shipped to Ibaraki Prefecture recently. We selected 11 metabolites of the herbicides and insecticides in accord with previous studies 11, 14, 17, 18) as a reference. All analytical standards were purchased from Wako Pure Chemicals Industries (Japan), Hayashi Pure Chemicals Industries (Japan), or Kanto Chemicals (Japan).
Sample collection and analysis
The sampling site (Kimijima Bridge) is located midway along the course of the Sakura River (Fig. 1) . Water samples (approximately 3000 ml per sample) were collected once a week on Monday from April to August 2007 and 2008 with a stainless steel bucket and were stored in 1-gallon brown glass bottles. Samples were filtered and extracted on the sampling day. The pH of water samples ranged from 7 to 8.
Each water sample (approximately 3000 ml) was filtered successively through 1.0-mm and 0.7-mm glass fiber filters (GF-B and GF-F respectively; Whatman, UK), and the filtrate was adjusted to pH 6.5 with 10% phosphoric acid. The filtrate was divided into two portions for the following two procedures: (1) To extract compounds with low to medium polarity, 1000 ml of the filtrate was passed through a Sep-Pak Plus PS-2 cartridge (265 mg/cartridge, denoted PS-2 in Table 1 ; Waters, USA) at a flow rate of 10 ml/min with a Sep-Pak concentrator (Waters, USA), after the cartridge had been conditioned with 5 ml dichloromethane, 5 ml methanol, and 10 ml pure water in succession. The cartridge was rinsed with 10 ml pure water and then connected to a Sep-Pak Dry cartridge (2.85 g/cartridge, Waters, USA) for removing water. The compounds retained in the cartridge were eluted with 10 ml dichloromethane at a flow rate of 5 ml/min. (2) To extract compounds with low to medium polarity as well as highly polar compounds, including metabolites and highly water-soluble pesticides, 400 ml of the filtrate was passed through an Oasis HLB Plus cartridge (225 mg/cartridge, denoted HLB in Table 1 ; Waters, USA) at a flow rate of 10 ml/min, after the cartridge had been conditioned with 5 ml acetonitrile, 5 ml methanol, and 10 ml pure water in succession. The cartridge was rinsed with 10 ml pure water and then air dried with a vacuum pump (Buchi, Switzerland) for 30 min to remove water from the cartridge. Compounds retained in the cartridge were eluted with 8 ml methanol and 8 ml acetonitrile in succession at a flow rate of 4 ml/min. Eluates from the PS-2 and HLB cartridges were stored at Ϫ20°C in the dark until LC-MS/MS analysis.
Prior to LC-MS/MS analysis, each eluate was evaporated to approximately 0.5 ml with a rotary evaporator (Buchi, Switzerland) and dried under a nitrogen stream. The residue was dissolved in 2 ml methanol-water (7 : 3) for LC-MS/MS analysis of fenitrothion and fenitrothion-oxon or in 2 ml acetonitrile-water (1 : 1) for analysis of the other compounds. All samples were analyzed with an LC-MS/MS system operated in multiple reaction monitoring (MRM) mode under the analytical conditions shown in Tables 1 and 2 .
The limits of quantification for the analyzed compounds ranged from 0.001 to 0.025 mg/l (Table 1) . A recovery test of the compounds was conducted with triplicate extractions from pure water spiked at 0.05 mg/l for PS-2 and at 0.125 mg/l for HLB. Recovery ranged from 70.2% to 101.9% for all compounds except pyrazolynate-destosyl (9.1%), benfuracarb (54.8%), and carbosulfan (11.7%); and the coefficients of Table 2. variation were less than 10% for all compounds except for carbosulfan (15.6%), as shown in Table 1 .
Results and Discussion
Behavior of paddy pesticides in river water
Herbicides
Twenty-eight herbicides were detected in the river water (Table 3 ). Figure 2 shows the changes in the concentrations of 3 typical herbicides applied at various times in the season (daimuron, early-mid-season; simetryn, mid-season; and bentazone, late season). Generally, 28 herbicides are used with granule or wettable powder formulation by the way of soil incorporation or submerged application. 20, 21) The occurrence of the peak concentrations of herbicides depended on the application timing, and the peak concentrations were observed at almost the same time in 2007 and 2008 (Table 3) , because herbicides are widely used in the basin during a scheduled period specified by usage regulations. A similar tendency has been reported in other studies. 4, 5, 22, 23) The concentrations of early-mid-season herbicides, such as daimuron, peaked immediately after transplanting (from early to mid-May), and then decreased rapidly in late May. The concentrations of mid-season herbicides, such as simetryn, peaked 3-4 weeks after transplanting (from late May to early June), and then decreased in mid-June. The concentration of bentazone, which is applied as a late-season herbicide, increased starting at the beginning of June, was high in June and July, and peaked in late June. These trends were observed in both 2007 and 2008.
Herbicides with relatively high peak concentrations were bentazone, bromobutide, daimuron, imazosulfuron, molinate, and simetryn. We examined this result in consideration of the shipped amount, water solubility, and soil adsorption constant value (Koc). Herbicides with large shipped amounts, bentazone, bromobutide, daimuron, and molinate (13.8, 17.9, 18.6, and 15.6 tons, respectively), were detected at more than 2 mg/l; however, the peak concentrations of imazosulfuron and simetryn, which had smaller shipped amounts (1.7 and 4.4 tons, respectively), were also high. Maru 10) reported that highly water-soluble herbicides were often detected at relatively high concentrations because they readily ran off from paddy fields into rivers. Therefore, bentazone, imazosulfuron, molinate, and simetryn, which had water solubility of 570, Vol. 35, No. 2, 114-123 (2010) Paddy pesticide and metabolite behavior in the Sakura River 117 156, 800 and 428 mg/l, respectively, 24) were detected at high concentrations. On the other hand, bromobutide and daimuron have relatively low water solubility (3.54 and 0.79 mg/l, respectively). 24) Kawasaki et al. 25) reported that Koc was the main contributor to runoff losses of paddy herbicides and that herbicides with low Koc values showed high runoff losses. This tendency was observed for bromobutide (Kocϭ163-306) 26) in this study. The Koc of daimuron is relatively high (732-1210) 27) ; therefore, runoff losses of daimuron from paddy fields are expected to be low.
The herbicide usage rate can also affect water concentrations. The usage rate is defined as the percentage of the total area of paddy fields treated with the herbicide divided by the area under rice cultivation in a prefecture. The rate is estimated from shipped amounts in the prefecture and the recommended normal application rate of the market product. 20 ,28) The estimated usage rates of bentazone, bromobutide, daimuron, imazosulfuron, molinate, and simetryn in Ibaraki Prefecture in 2007 were 7, 33, 31, 24, 8, and 12%, respectively. Although daimuron can be used as an early-season herbicide just before transplanting, 21) the shipped amount of formulations containing daimuron in the early season only accounted for about 7 % of the total shipped amount in Ibaraki Prefecture. 20, 21) The concentration of daimuron in late April was lower than half of the peak concentration, and the peak was observed in the basin in early May (Fig. 2) . Therefore, daimuron is expected to be mainly used after transplanting in consideration of transplanting timing in the basin. 15, 16) The fact that the usage rate of daimuron is relatively greater than of the other herbicides may explain why daimuron was detected at a high concentration in river water.
Taken together, our results indicate that the usage rate, shipped amount, water solubility, and Koc affected the concentrations of herbicides in river water.
Fungicides and insecticides
The concentrations of the 2 fungicides, iprobenfos and isoprothiolane, increased sporadically from May to August in accordance with the application timing (Fig. 3) . The clear peaks of isoprothiolane in early May were probably due to nursery-box application just before transplanting. The peaks for iprobenfos and isoprothiolane in July or late August were likely due to the submerged or foliage application before heading or harvesting. The concentrations of fungicides were higher in 2007 than in 2008. In reference to emergence in Ibaraki Prefecture in 2007 and 2008, 29, 30) pests and diseases occurred at a higher level in 2007 than in an average year, whereas those in 2008 occurred at the average year level or at less; therefore, the fungicides were expected to have been used more intensively in 2007 than in 2008. Iprobenfos and isoprothiolane have high water solubility (540 mg/l and 48 mg/l, respectively) 24) and relatively large shipped amounts; however, the peak concentrations of the fungicides were not as high as those of the herbicides in either 2007 or 2008 (Table 3) . Nursery-box application of isoprothiolane, mainly in granule formulation, is often conducted only once before transplanting, whereas the submerged application of iprobenfos or isoprothiolane granule formulation is conducted after transplanting, or foliage application of isoprothiolane emulsion formulation is conducted Vol. 35, No. 2, 114-123 (2010) Paddy pesticide and metabolite behavior in the Sakura River 119 until 2 weeks before harvest, 21) with the exact timing depending on the disease forecast and the emergence of diseases, such as sheath blight disease and leaf or panicle blast. Because the emergence timing of diseases varies from year to year and from paddy to paddy, submerged or foliage application is temporally and spatially sporadic or intensive in the basin. The difference between herbicide and fungicide application timing, the method and formulation type is consistent with the fact that the peak concentration of the fungicides was lower than that of herbicides and that fungicide concentrations in 2007 differed from those in 2008.
The peak concentrations of insecticides were lower than those of herbicides (Table 3) , and most insecticides showed no clear peak during the monitoring period. Although diazinon and fenitrothion had larger shipped amounts (22.4 and 19.7 tons in 2007, respectively) than the other insecticides, the peak concentrations were much lower than those of herbicides with similar shipped amounts ( Table 3 ). Diazinon and fenitrothion are used for vegetables in addition to rice, and the runoff losses from upland fields are much lower than the losses from paddy fields. 31) Diazinon and fenitrothion were expected to be mainly submerged-or foliage-applied, with the exact timing depending on the pest forecast and the emergence of pest insects, as for fungicides. Therefore, the difference in the application timing, method and formulation type for diazinon and fenitrothion probably explains why they were detected at lower concentrations than herbicides.
Nakajima et al. 32) reported that aerial-sprayed fungicides and insecticides were detected at high peak concentrations in rivers immediately after aerial spraying and that their concentrations rapidly decreased within a day. This result indicates that to observe peaks of aerial-sprayed pesticides, the frequency of sampling river water after aerial spraying of pesticides during one day needs to be increased. Maru 10) also mentioned a similar discussion; therefore, for precise assessment of pesticide exposure when aerial spraying, highly frequent sampling is required. Figure 4 shows changes in the concentrations of 3 herbicides and their metabolites in 2008. Metabolite peaks were observed 1-2 weeks after the corresponding herbicide peak. The behavior patterns differed among herbicides; the peak concentration of the bromobutide metabolite was lower than that of the parent compound; the concentration of the cafenstrol metabolite was similar to that of the parent compound; and the concentration of the clomeprop metabolite was higher than that of the parent compound. Similar results were obtained in 2007.
Behavior of metabolites in river water
Herbicide metabolites
The peak concentration of bromobutide-desbromo (0.296 mg/l in 2008) was much lower than that of bromobutide (11.1 mg/l in 2008), which agrees with results reported by Mitobe et al. 17) This result can probably be attributed to the fact that bromobutide can be degraded not only to bromobutide-desbromo but also to many other metabolites in natural water by sunlight, and that bromobutide has a long half-life (DT 50 ) with respect to degradation by sunlight in natural water (DT 50 ϭ11-13 weeks) 33) and in soil (DT 50 ϭ25-34 days).
26)
The peak concentration of cafenstrol-descarbamoyl (0.330 mg/l in 2008) was similar to that of the parent compound (0.586 mg/l in 2008). Cafenstrol is gradually degraded to cafenstrol-descarbamoyl, which is the main metabolite formed by photolysis in water (DT 50 ϭ10.7-19.1 days) 34) and by degradation in soil (DT 50 ϭ8.9-13.9 days).
34)
In contrast, the peak concentration of clomeprop-propionic acid (1.54 mg/l in 2008) was much higher than that of clomeprop (0.100 mg/l in 2008). Clomeprop is hydrolyzed to clomeprop-propionic acid in soil (DT 50 ϭ3 days); 35, 36) therefore, the rapid degradation of clomeprop may have been the reason for the low peak concentration in river water.
The concentrations of these metabolites decreased more slowly than those of the parent compounds, and the metabolites continued to be detected in July and August. The concentration ratios of the metabolites to the herbicides decreased in May when these herbicides were applied (Fig. 4) , and then the ratios gradually increased. The tendency of bromobutide agrees with the results reported by Mitobe et al. 17) The fact that these metabolites are more stable in water and soil than the parent compounds, such as DT 50 of bromobutide-desbromo Ͼ45 days (Iwafune: unpublished data), DT 50 of cafenstrol-descarbamoyl Ͼ120 days, 34) and DT 50 of clomeproppropinic acid Ͼ40 days (Iwafune: unpublished data), may explain why the metabolites continued to be detected a few months after herbicide application. Our results suggest that changes in metabolite concentrations probably depended on the degradation rate and metabolic pathway of the parent compounds and on the stability of the metabolites in water and soil. Figure 5 shows changes in the concentration of metabolites derived from benfuracarb and carbosulfan, and fenthion and its metabolites in 2008. Benfuracarb and carbosulfan are used for nursery-box application just before transplanting. Carbofuran and carbofuran-3-hydroxy, which are hydrolysates of benfuracarb and carbosulfan, were also monitored. Carbofuran-3-hydroxy was rarely detected during the monitoring period, whereas a clear peak of carbofuran was observed in early May. Carbofuran is rapidly formed by the hydrolysis of carbosulfan in water (DT 50 ϭ11.4 hr at pH 7) 37) or by rapid degradation of benfuracarb in soil (DT 50 ϭ4-28 hr).
Insecticide metabolites
37) Carbofuran-3-hydroxy is known to be a minor metabolite of benfuracarb and carbosulfan in both water and soil, 37) and carbofuran has a longer half life in water (DT 50 ϭ121 days at pH 7) 37) and soil (DT 50 ϭapproximately 30-60 days) 37) than the parent compounds. Because benfuracarb and carbosulfan in paddy fields are rapidly transformed to carbofuran, carbofuran was the main compound observed in river water.
Fenthion is applied to paddy fields over a long period, from after transplanting to 3 weeks before harvesting. Three oxides of fenthion, fenthion-oxon, fenthion-sulfon, and fenthion-sulfoxide, were also monitored (Fig. 5) . 18) and Sasaki et al. 38) The concentration of fenthion sulfoxide was higher than that of fenthion during the monitoring period, as shown in Table 4 . Moriguchi et al. 39) and Yamaguchi et al. 18) reported a similar tendency. Fenthion is easily degraded to fenthion-sulfoxide in soil under aerobic conditions, 37) and the DT 50 of fenthion is 1.5 days in a water-sediment system. 40, 41) The half life of fenthion-sulfoxide in water and soil under aerobic conditions (DT 50 ϭ 12.7-16.0 days) 42) is longer than that of the parent compound. For this reason, fenthion-sulfoxide was rapidly formed in paddy fields and was the main compound detected in river water.
In this study, oxon compounds derived from diazinon, fenitrothion, and fenthion were rarely detected and then only at very low concentrations (Ͻ0.004 mg/l; Table 3 ). Because some oxides derived from insecticides are more active against insect pests than the parent compounds, 13) the oxides may adversely affect drinking water and aquatic ecosystems. Organophosphorus insecticides are oxidized to oxon compounds in animals and plants by an enzyme and oxygen 43, 44) or by sunlight in water and soil. [45] [46] [47] [48] [49] Domagalski 50) reported that the ratio of the diazinon-oxon concentration to the diazinon concentration was 0.006-0.04 in the surface water of various tributaries of Sacramento River (California, USA). Fenitrothion-oxon is also a minor metabolite produced by photodegradation of fenitrothion in water or soil. 51, 52) Because oxons of organophosphorus insecticides hydrolyze faster than the parent compounds, 44) oxons can be expected to be present only rarely in paddy fields or rivers.
Conclusion
Our results indicate that the occurrence of the peak concentrations of paddy pesticides in Sakura River depended on the application timing and shipped amounts in the basin and on the physicochemical properties of the pesticides. Key factors, such as high water solubility, low Koc, the large shipped amount, and large usage rates contributed to the high concentrations of herbicides in river water. The behavior of the Vol. 35, No. 2, 114-123 (2010) Paddy pesticide and metabolite behavior in the Sakura River 121 metabolites depended on the half-lives and metabolic pathways of the parent compounds and on the stability of the metabolites in water and soil. Metabolites formed from pesticides that degraded rapidly were detected at much higher peak concentrations than the parent compounds.
Our results indicate that metabolite concentrations of degradable paddy pesticides were higher than the concentrations of the parent compounds, and thus the exposure of aquatic organisms to the former can be expected to be higher than exposure to the latter; however, how the concentrations of such metabolites affect aquatic organisms is not known, and therefore further investigation is required.
